Abstract-This paper is concerned with the efficient transmission of channel state information (CSI) in the uplink, and data in the downlink, of a closed-loop transmit diversity system. Two ideas were explored: 1) the employment of analog CSI feedback whereby estimates of the downlink complex gains were fed back periodically to the base-station at a rate of only 1 analog symbol per estimate per frame, and 2) the use of position dependent modulation (PDM) to counter the signal-to-noise ratio variation across a downlink data frame. Simulation results indicated that as far as the bit-error-rate (BER) is concerned, analog feedback is superior to digital feedback because it does not experience unrecoverable quantization errors in the feedback channel estimates. The simulation also indicated that at a given target BER, PDM can attain a substantially higher throughput than fixed modulation.
INTRODUCTION
Transmit antenna diversity has been shown as an effective method to enhance downlink transmission quality in wireless communication systems. Depending on the accuracy of channel state information (CSI) made available to the transmitter, different techniques can be applied to achieve diversity gain. The focus of this paper is on closed-loop transmit diversity that utilizes feedback CSI to produce a beamforming effect in downlink transmission. A frequency division duplexing (FDD) based system with independent fading between the links is considered. Downlink CSI is estimated at the mobile unit periodically, fed back to the basestation, and used to construct transmission weights for maximal-ratio-combining (MRC) the diversity signals.
A variety of previous work exist in the field of closed-loop transmit diversity; for example, studies of performance degradation using delayed CSI [1] , efficient CSI quantization and feedback strategies [2] , [3] , and combined transmit diversity and adaptive modulation by incorporating channel prediction [4] , [5] . In this investigation, the concept of analog feedback of CSI is investigated as an alternative to the traditional digital approach. Analog feedback symbols are generated directly from scaled channel gain estimates, requiring only one feedback symbol per transmit antenna per data frame. In contrast, a digital feedback scheme may require several symbols per antenna per frame, depending on the number of bits to represent the CSI satisfying the required fidelity criterion. Accordingly, analog feedback is more efficient from a throughput point of view, and it also leads to a smaller feedback delay. Since the raw analog CSI can take on very large values, we also investigated in the paper the impact of a limited dynamic range. The performance of the proposed analog feedback scheme is demonstrated with computer simulation and compared with a baseline digital feedback scheme based on the same operating conditions. A second contribution of this paper is the proposal to use position dependent modulation (PDM) intended to maximize the throughput in downlink data transmission. Similar to delayed CSI [3] , the effectiveness of beamforming changes periodically at the feedback rate, owing to the extrapolation nature of the downlink channel estimator. The PDM strategy, which preselects the most suitable constellation for each symbol interval according to the mean-square prediction error, can take full advantage of beamforming and is thus more effective than fixed modulation.
Recently, it came to our attention that the idea of analog CSI feedback was also explored in [6] . The theme of [6] is the quality of the CSI (measured in terms of the mean-square error of the channel estimates) and how it can be made available to the base-station in a timely fashion under a multi-user operating environment. This paper complements the work in [6] by considering the bit-error-rate (BER) of the entire analog feedback system and comparing the results against the standard digital feedback approach.
The paper is organized as follows. Section II provides the system model. The proposed analog feedback scheme is presented in Section III along with computer simulation results. The PDM strategy is detailed in Section IV, followed by conclusions in Section V.
II. SYSTEM MODEL
A. Downlink Fig. 1 illustrates the system and shows details of the downlink. The base-station transmits with L antennas to a mobile unit equipped with one antenna. Assuming Rayleigh flat fading and enough separation among the base-station antennas, the complex downlink channel gains 
…
to reinforce the spatially-combined signal arriving at the receiver. The received version of the
where
is the value of ( ) [5] , [7] , the optimal transmission weights are
where the [ ] k g l s are estimates of the channel gains. In the next paragraph, we will describe how these channel estimates are obtained.
The downlink channel gains
are first estimated at the mobile through periodic transmission of L-symbol long orthogonal pilot patterns at a rate of Frame T 1 that is higher than the Nyquist rate by ALL the base-station transmitters; see Fig. 2 . Note that N is the frame duration in number of symbols and m is the frame index. The orthogonality in the pilot patterns enables the mobile to obtain the corresponding channel estimates
; see Fig. 1 . The CSI is fed back to the base-station at the start of the next uplink frame either in analog or in digital form, and they arrive at the base-station as 
, the uplink channel gains at kT t = , via linear prediction. The availability of these uplink estimates in turn enables the base-station to recover the feedback CSI. After another layer of linear prediction, the final downlink gain estimates
… at all data positions are then obtained. It is assumed that Feedback T is known and compensated for when predicting the downlink channel gains. Base Station ... 
...¨u 
between the true channel gain and its estimate is assumed the same among all channels, but varies with the symbol index k. This stems from the fact that
increases as the channel predictor forecasts further into the future [7] . It should
is periodic in k with a period N, the frame duration in number of symbols. A proposal for dealing with this periodicity in the channel estimation accuracy is presented in Section IV.
From (2) and (3) 
where the first and second terms are referred to as the direct and diffuse components, respectively. Since the diffuse
introduces a phase shift to the transmitted symbol. If this phase shift is relatively small, an attempted coherent detector based directly on the received signal (1) would offer reasonable biterror performance, especially for those symbols at the start of the data frame, see Fig. 2 . In this investigation though, we adopt the more "practical" approach of differential detection (DD). Both conventional 2-symbol DD and multiple symbol differential detection (MSDD) had been considered, though it was found that the performance advantage of MSDD is rather minimal. As such, we will only present conventional DD results in this paper.
B. Uplink
The uplink in the proposed system operates with one transmit antenna and L receive antennas. Rayleigh flat fading is again assumed. As such the uplink channel gains at
, are iid complex Gaussian random variables with zero mean and variance The signals received by the base-station antennas at discrete time k are denoted by (1) and (2).
III. FEEDBACK SCHEMES

A. Analog Feedback
From the description of the system in the last section, it becomes evident that the bit-error performance of the downlink strongly depends on the accuracy of the feedback CSI. With large number of feedback CSI symbols per transmit antenna per frame, we could approach the performance of perfect CSI. Unfortunately though, employing many feedback symbols reduces significantly the data throughput in the uplink and the long transmission delay that results would render the CSI outdated. In this investigation, we propose the idea of analog CSI feedback whereby each downlink gain estimate
is fed back to the base-station as is (except for an amplitude scaling factor). This approach enables us to use only one feedback CSI symbol per antenna per frame, which is more efficient than conventional digital feedback where each
is digitized into a multi-symbol codeword (see for example [2] ). In addition to a throughput advantage, analog feedback will also offer excellent asymptotic performance, as there is no unrecoverable quantization error. A drawback of analog CSI feedback though is a large instantaneous power in the CSI symbols, but a simple resolution to this problem is presented in the next section.
The channel estimates
obtained from the downlink pilot patterns can be written in the form
Their variance is 
where the amplitude scaling factor 
It should be pointed out that introduced to account for the feedback delay. At the basestation receiver, the feedback CSI is recovered by multiplying the result in (6) by 2 2 g σ .
B. Impact of Limited Peak Power in Feedback Channel
The analog CSI feedback scheme described above is difficult to implement in practice because the CSI symbols are samples of Gaussian sources and require a very large dynamic range to transmit. A simple modification to make analog feedback feasible is to introduce a transmit power clipping threshold Max P such that
Note that while clipping distorts the amplitude information embedded in a CSI symbol, the phase information is unaffected. The performance degradation that results depends on the probability that Max P is exceeded. For example, the probability that 2 l u is less than 4 times (or 6dB above) the average value of unity is as high as 0.98, and so small values of 
C. Digital Feedback
To illustrate the effectiveness of the proposed analog feedback scheme, we compare it against a baseline digital CSI feedback scheme that also employs one (multilevel, and digital) symbol per transmit antenna per frame. Essentially any standard source quantization technique can be employed for digitizing the CSI. For example, vector quantization is used in [3] to digitize the relative amplitudes and phases of perfectly measured instantaneous downlink channel gains. For the digital feedback scheme considered in this paper, we use separate scalar quantizers obtained via the LBG algorithm [8] to map the in-phase (I) and quadrature (Q) components of
into two respective quantized signal levels. The two quantized levels, in I-Q form and after amplitude scaling, are then used to form the transmit QAM symbol The quantization distortion is defined as
is the quantized version of
. Unlike analog feedback, the quantization distortion Q ε does not vanish even when the feedback CSI is perfectly detected, as in the event when the channel has a large SNR. Fig. 3 shows the simulated BER curves for the downlink of the proposed system. The modulation employed for the downlink data symbols is differential BPSK and there are 4 = L base-station antennas. Fig. 3(a) is for the case without feedback delay while Fig. 3(b) is for a normalized delay of 05
D. Simulation Results
. Note that the first data bit in each frame has to be detected "coherently" because the use of orthogonal pilot patterns will eventually lead to a random phase change in the beamformed gain G from the last pilot symbol to the first data symbol in each frame. The BER of this "coherent" detector should be quite good as the second component in (5) , where F is the number of data symbols in a pilot frame of Frame T seconds. The prediction of the downlink channel gains at the basestation uses the ten most recent feedback channel measurements. Recall that the accuracy of the channel gain estimates is not constant throughout a pilot frame. Consequently, the BERs
, of the F data symbols are all unique. The BER curves in Fig. 3 are the average over the F symbols, i.e.
The simulation results reconfirm that under identical operating conditions, the analog feedback scheme outperforms its digital counterpart. Analog feedback with a clipping threshold of 6dB (over the mean power) results in negligible loss in performance when compared to the case of no clipping. Even when the threshold is reduced to 3dB, the degradation is at most 1 dB for BER 10 -4 and above. Note that the BER curves of the systems using 16-QAM and 64-QAM feedback symbols cross at high SNR because the feedback CSI is perfectly detected at the base-station, and the benefit of a lower quantization error in a more compact feedback constellation begins to appear. However, both digital feedback schemes are inferior to the proposed analog feedback technique as the latter has no quantization error. Moreover, the slope of the BER curves of analog feedback, especially when the clipping threshold is sufficiently large, are very similar to that of ideal error-free feedback, which implies the diversity gain is not reduced because of imperfect CSI. It is observed from Fig. 3 that in the presence of feedback delay, the performance of the proposed system degraded significantly. This is due to the fact that the range of channel prediction is extended further into the future to accommodate for the delay, and channel estimates become less accurate.
IV. POSITION DEPENDENT MODULATION
As mentioned earlier, the effectiveness of beamforming degrades as the data symbol moves further away from the last pilot symbol in the frame. This stems from the fact that linear prediction of the feedback CSI is used to obtain the transmit 16-QAM feedback 64-QAM feedback weights in (2) . The fact that the quality of beamforming varies periodically at a rate of
suggests the adoption of position dependent modulation (PDM) to maximize the downlink data throughput at a set target BER. The concept is similar to adaptive modulation [4] though PDM is based on the statistical average of the SNR rather than the instantaneous SNR. We show in the following the design procedure of a PDM scheme to be used in the proposed close-loop transmit diversity system. We like to emphasize that the design of the PDM, in principle, need only be done once and off-line, as it is NOT a real-time adaptation/optimization process operating on the instantaneous SNR.
Once again, let 
Our objective is that, given the channel SNR and a target BER, find the "optimal" set of constellations such that the throughput is maximized, i. 
Equation (13) for every symbol in the frame. Bearing the objective is to increase the total throughput by one bit at each iteration of the algorithm, the modulation size of the f-th symbol in the frame, which is chosen according to
− , is increased by one order. It can be argued that the final set of f M chosen as described above is globally optimal since no other combination of modulation orders can achieve higher total throughput or the same throughput with lower average BER. The PDM system described will be compared to its optimal fixed modulation (OFM) counterpart, obtained according to
, where
Obviously, OFM does not guarantee optimal throughput when the BERs of different data symbols are significantly different.
The advantage of PDM over OFM can be seen from the simulated throughput curves shown in Fig. 4 for a system designed for a target BER of
station antennas, and analog feedback without clipping. The operating conditions are the same as those used in the simulations presented in Fig. 3(a) . As expected, PDM can better exploit the allowed BER and yields substantially higher throughput. Note that throughput is presented as the AVERAGE number of data bits per symbol period of T seconds, with the effect of pilot symbols being accounted for. Note that below a 15 dB SNR, the target BER 16-QAM feedback 64-QAM feedback be satisfied even if every symbol is BPSK modulated. As a consequence, that part of the throughput curve is omitted from Fig. 4 . The throughput levels off beyond 25 dB because at large SNR, we can simply use 16PSK for every symbol. Fig. 5 compares the PDM throughput when different feedback schemes are employed. As expected, the use of analog feedback yields much higher throughput than digital feedback. Note that only minor losses are observed even when the analog feedback symbols have a clipping threshold as low as 3dB.
V. CONCLUSIONS
In this paper, the performance of a closed-loop transmit diversity system using the "unconventional" idea of analog feedback is studied. The use of analog symbols for CSI feedback leads to a low feedback rate of only one symbol per transmit antenna per frame, and does not result in an unrecoverable distortion as in traditional digital feedback. The BER of differential BPSK in the downlink of the proposed system is evaluated via computer simulation. The results show that analog feedback is superior to digital feedback under the same operating conditions, and that a very small clipping threshold can be used to limit the dynamic range of the feedback symbols. Another contribution of the paper is the use of position dependent modulation (PDM) to counter the varying beamforming quality across the data frame. It was shown that PDM can substantially increase the downlink throughput (relative to optimal fixed modulation) at a given target BER. 
